all grouped in the high-fugacity regime, below the expected superfluid transition point, confirming that this regime is dominated by superfluidity. Conversely, in the low-fugacity regime the current increases with temperature, corresponding to the channel-dominated regime. The crossover takes place close to the same fugacity for all the gate potentials and is close to the universal transition point for the unitary Fermi gas at the center of the cloud. We expect that the exact location of the crossover as well as the conductance at the minimum depend on the details of the channel geometry, such as its energy-dependent mode spacing. In addition, proximity effects should be reduced at high temperature, and one-dimensional physics could emerge in the QPC, making the results dependent on the length of the contact (37). Our setup, allowing for a direct and independent control of the geometry, could be used to investigate such effects in future experiments.
Kenta Shionuma, 1 Ken Onda, 4 Yoichi Okimoto, 1 Shin-ya Koshihara, 1, 5 Takashi Yamamoto, 6 Hengbo Cui, 7 Mitsushiro Nomura, 7 Yugo Oshima, 7 Majed Abdel-Jawad, 7 Reizo Kato, 7 R. J. Dwayne Miller 2,3,8 † Correlated electron systems can undergo ultrafast photoinduced phase transitions involving concerted transformations of electronic and lattice structure. Understanding these phenomena requires identifying the key structural modes that couple to the electronic states. We report the ultrafast photoresponse of the molecular crystal Me 4 P[Pt(dmit) 2 ] 2 , which exhibits a photoinduced charge transfer similar to transitions between thermally accessible states, and demonstrate how femtosecond electron diffraction can be applied to directly observe the associated molecular motions. Even for such a complex system, the key large-amplitude modes can be identified by eye and involve a dimer expansion and a librational mode.The dynamics are consistent with the time-resolved optical study, revealing how the electronic, molecular, and lattice structures together facilitate ultrafast switching of the state.
T he photoexcited states of correlated electron systems often bear strong resemblance to the states reached via thermally induced phase transitions. The phenomenon of a photoinduced phase transition (PIPT) is considered to be an important concept to guide further developments for control of material properties (1). However, photoexcitation is intrinsically a far-from-equilibrium process, and new phases or hidden states may also appear (2) that differ qualitatively from those observed under equilibrium conditions. Optical pump-probe techniques provide access to the electronic states of the system, but to complete our understanding, it is essential to use an additional structural probe to directly observe the atomic rearrangements involved in propagating the structural transition. This requires the additional step of synchronizing the femtosecond optical excitation laser pulses used to trigger the structure change with a highbrightness femtosecond pulsed x-ray or electron source to observe the atomic motions involved on the relevant time scales. Hard x-ray probes have been shown to be capable of resolving coherent phonons in inorganic materials such as bismuth (3, 4) and in perovskites undergoing PIPTs (5); more recently, femtosecond gas-phase x-ray diffraction has been used to provide constraints for a theoretical treatment of a ring-opening reaction (6 Electron sources have also been evolving (7) (8) (9) , and femtosecond electron diffraction (FED) has been used to capture a variety of phenomena in inorganic lattices, such as the melting of aluminum (10) and suppression of charge-density waves in TaS 2 (11) . Molecular crystals pose even greater challenges for source brightness because of the increased structural complexity and combination of low damage thresholds, low thermal conductivity, limited reversibility, and large unit cell sizes. Reports of ultrafast diffraction experiments on such systems are scarce, but electron density fluctuations have been observed upon intense nonresonant excitation using laser-based x-ray probes (12, 13) . Recent studies of (EDO-TTF) 2 PF 6 (EDO-TTF = ethylenedioxytetrathiafulvalene) (14) and diarylethene ring-closing reaction dynamics (15) have demonstrated the ability of electron probes to observe molecular reactions from well-defined excited states using resonant one-photon excitation of the reactive states. This latter work brings to the forefront the challenge of retrieving the atomic motion from an incomplete set of data.
Here, we followed the electronic and molecular dynamics upon photoexcitation of the correlated electron-molecule-lattice system Me 4 P[Pt(dmit) 2 number of collective modes leads to transient states similar to those at elevated temperatures, indicating the presence of charge reorganization associated with PIPTs in this type of material. This reduction of a highly multidimensional problem to a few key modes, most strongly coupled to structural transitions (9, 14, 15) 2 shows a similar CS phase transition, but with a different charge ordering and a higher transition temperature T c (218 K rather than 70 K), as characterized by resistivity, magnetic susceptibility, and x-ray structural analysis (19) . The chemical and crystal structures in the high-temperature (HT) phase are shown in Fig. 1, A and B, respectively. The planar Pt(dmit) 2 molecules associate into tight dimers and assemble into sheets, which are interleaved with planes of Me 4 P cations. Within each Pt(dmit) 2 plane, the CS phase transition causes a structural change (Fig. 1, C and D ).
There are four crystallographically independent dimers in the unit cell of the CS phase, which can be classified into two groups according to the Pt-Pt distances between the molecules: 0a and 0b have a short Pt-Pt spacing of 2.93 Å and are neutral, whereas 2a and 2b are divalent with a charge of -2 and a longer Pt-Pt distance of 3.42 Å. In comparison, the dimers in the HT phase have a charge of -1 and equal Pt-Pt distances, with values of 3.31 Å at 293 K (3.22 Å at 230 K). The neutral and divalent dimers are ordered like a checkerboard in the CS phase, and the breaking of symmetry results in a doubling of the unit cell along both the a and b axes. A direct comparison between the local structures in the CS and HT phases is shown in Fig. 1E . In the neutral dimer, both the b-HOMO (highest occupied molecular orbital) and b-LUMO (lowest unoccupied molecular orbital) are filled (Fig. 1F) , resulting in strong dimerization, but in the anion, the antibonding orbital a-HOMO is also filled, destabilizing the dimer. The relative stability of the CS and HT phases is dependent on a fine balance between this localized effect, interdimer interactions, and long-range Coulomb repulsion (20, 21) . The family of dmit salts is therefore considered to be one of the highly correlated electron-molecule-lattice systems. Figure 2A shows the temperature dependence of the optical density (OD) spectrum of Me 4 (20, 22) , we could assign the peak structures in these spectra (19) and confirmed that the spectral change was a good representation of the CS phase transition. In addition, the height of the broad peak around 1.5 eV in the HT phase increases with decreasing temperature toward T c , corresponding to the shortening of the intermolecular distance within the Pt(dmit) 2 dimer, which increases the value of the intradimer overlap integral.
We performed time-resolved pump-probe optical spectroscopy and measured the OD changes upon optical excitation using various probe photon energies at 100 K (CS phase). The photon energy of 1.55 eV (E||a) used for the pump matched the intradimer electronic excitation in the neutral dimer. Typical temporal profiles of the pumpprobe signal are shown in Fig. 2D along with Corresponding structural dynamics of initially neutral dimer 0b temporal dependence of the optical density close to time zero exhibits some variation with energy, especially the data of 1.2 and 0.51 eV compared with the other probe energies, suggesting multiple relaxation pathways. We performed the fitting analysis assuming the summation of two exponential decay-type relaxation processes, one exponentially decayed oscillatory component, and a long-lived component that gradually appears (19) , as shown in Fig. 2D . Figure 2E shows each fitted component in the 1.2-eV probe data deduced from a global fit to all the data with common relaxation time constants. The two relaxation processes indicate the relaxation of two kinds of photoinduced states. The frequency of the oscillatory component, 0.87 THz, is indicative of a low-energy molecular vibration or lattice phonon mode; this frequency is slightly lower than those observed in other molecular crystals undergoing dimer-Mott (23), neutral-ionic (24), and spin-crossover photoswitching (25, 26) . Figure 2B shows the transient change in the OD spectrum at 0.15 ps after photoexcitation, compared with the difference OD spectrum between 100 and 290 K. The striking similarity suggests the occurrence of a PIPT from the CS phase to a HT-like averaged valence dimer phase. Figure 2C shows the spectra of the photoinduced OD change, which correspond to the slow (t = 4.85 ps) and the fast (t = 0.42 ps) relaxation processes, with different spectral shapes. We found that these spectra can be well reproduced by the scaled difference spectra observed at different temperatures for the different phases (red and blue curves in Fig. 2C ). The spectrum of the slow relaxation process is similar to that of the thermally induced CS phase transition, whereas the fast relaxation process is similar to the spectral change upon cooling the HT phase. However, the fast relaxation time constant of 0.42 ps is too short to be assigned to a thermal process, and we turn to electron diffraction for more insight into the structural rearrangements accompanying the electronic changes.
The diffraction pattern of thin (<150 nm), crystalline Me 4 P[Pt(dmit) 2 ] 2 in the CS phase (90 K), as recorded in our FED instrument, is shown in Fig. 3A . Comparison with the simulated pattern in Fig. 3B reveals that each spot comprises more than one reflection; we attribute this to a combination of the large unit cell size (a = 28.9 Å, b = 12.6 Å, c = 37.4 Å), the finite electron coherence length, and texture of the thin film.
The FED measurements were performed with excitation conditions similar to those of the optical measurements, with excitation of the neutral dimer at a wavelength of 800 nm (1.55 eV) and repetition rate of 250 Hz. The electron probe was generated using a compact electron gun with bunches accelerated to 110 keV, comprising about 4000 electrons and totaling 10 8 electrons per time point measured. The averaged difference images for selected time points are displayed in Fig. 3D . The data immediately preceding excitation (-0.2 ps) are essentially featureless, showing that the structure has relaxed back to the ground state before the excitation pulse arrives at t = 0, whereas the difference images at +0.2 and +0.6 ps show a strong resemblance to the simulated thermal difference pattern (Fig. 3C) (19) , indicating that the photoinduced structure change is similar to the thermal phase transition, in good agreement with the optical data. After +5.0 ps, the difference pattern retains some similarity to those observed on the subpicosecond time scale, although less pronounced; the dark spots indicate a rise in lattice temperature resulting from redistribution of the absorbed energy into random thermal motion. Quantitative evaluation was performed by integrating the intensities of 40 clearly identifiable spots. A selection of these is shown in Fig. 3F as a function of time. Fitting of the diffraction data using the same functions as for the optical data yielded similar values of the fast time constant of about 0.5 ps, and a frequency of 0.88 THz for the coherent oscillation (19) , illustrating that the same process is being probed in both the optical and electron diffraction experiments.
A full reconstruction of the atomically resolved dynamics from FED data by direct transfer of the methodology developed for time-resolved crystallography at longer time scales (27) would appear to be impossible because of the limited sampling of reciprocal space. Previous studies have approached this problem by searching expected reaction coordinates for maximum correlation between theory and experiment (14, 15) ; instead, we refined individual atom positions by defining a minimization function that combines the experimental FED data with the known structures involved in the thermal phase transition and using penalty functions to bias the optimization toward chemically reasonable structures (19) . The additional information stabilized the refinement and enabled us to optimize all atomic coordinates in the asymmetric unit comprising 103 atoms. In this way we could avoid assumptions of specific reaction modes, making the discovery of unexpected structures possible. Movies S1 and S2 show the structural dynamics as observed from different perspectives; snapshots showing one neutral dimer are displayed in Fig. 3E . Three distinct motions can be easily identified from the molecular movies: an expansion of the intermolecular distance in the neutral dimer, flattening of the molecules, and a libration or tilting of all dimers in unison. To discuss the structural dynamics quantitatively, we parameterized these motions along with three additional collective variables: a rotational motion perpendicular to the tilt, and two orthogonal intradimer sliding motions ( fig. S5 ). The temporal profiles of the intermolecular distance, monomer tilt, and bend motions are shown in Fig. 3 , G to I.
These photoinduced dynamics can be compared with the structure changes associated with the thermal phase transition, which are represented by the orange dashed lines in Fig. 3 , G to I; they can also be understood in terms of the optical data as summarized in Fig. 4 . Photoexcitation of the neutral dimer initiates a rapid expansion of the intermolecular distance, which acts as a photoswitch and within 0.5 ps produces a state that is similar to the HT phase at 290 K (Fig. 4B) , as seen by the convergence of the parameter values for the neutral and divalent dimers. This is accompanied by a tilting of all dimers, which should be identified as a librational mode of the lattice, because there is no discrimination between the neutral and divalent species. The initial excitation also flattens the Pt(dmit) 2 monomers, predominantly in the neutral species. However, this state is unstable and relaxes back to an intermediate structure, with t = 0.42 ps-a relaxation that appears optically similar to a cooling from 290 K to 230 K (Fig. 4C) . The associated structural relaxation is a partial reversal of the initial structure change, with a contraction of the neutral dimer to give an intermolecular distance just below the value of the HT phase at 230 K and a smaller contraction of the divalent dimers to produce a metastable state that is similar to the HT phase. The tilting mode similarly relaxes back to an intermediate value. These fast dynamics are accompanied by a pronounced oscillation with a frequency of 0.87 THz that persists for a few picoseconds, as clearly seen in both the optical and diffraction data. The structural origin deduced from the diffraction studies is related to the lattice libration of the tilting mode (Fig. 4D) , as revealed by the especially pronounced oscillation in this degree of freedom (Fig. 3H) .
The large unit cell of this system demonstrates that FED can provide insight into complex problems in ultrafast materials science, and suggests the possibility of extension to even larger systems. The method used in the structure determination provides a general approach to FED data analysis that can be applied to any system with a known initial ground-state structure. This approach provides a new window on directly observing the key modes involved in propagating structural transitions and the enormous simplification this affords in understanding the structural dynamics of complex systems. Li atom pairs with an optical barrier that is only a few times wider than the correlation length of the system. Red and blue arrows indicate the two different spin components forming the fermionic pairs.The dynamics are monitored by recording the number imbalance and relative phase between the two reservoirs via in situ (B) and time-of-flight (C) imaging, respectively (a.u., arbitrary units).
